Little is known about the load of mutations and polymorphisms in the mitochondrial DNA (mtDNA) of human oocytes and the possible effect these mutations may have during life. To investigate this, we optimised at the single cell level the recently developed method to screen the entire mtDNA for mainly heteroplasmic mutations by denaturing high performance liquid chromatography analysis. This method is sensitive (1% heteroplasmy detectable), specific and rapid. The entire mtDNA of 26 oocytes of 13 women was screened by this method. Ten different heteroplasmic mutations, of which only one was located in the D-loop and two were observed twice, were detected in seven oocytes with mutation loads ranging from <5% to 50%. From eight women >1 oocyte was received and in four of them heteroplasmic differences between oocytes of the same woman were observed. In one of these four, two homoplasmic D-loop variants were also detected. Additionally, four oocytes of a single woman were sequenced using the MitoChip w (which lacks the D-loop region), but all sequences were identical. It is concluded that heteroplasmic mtDNA mutations are common in oocytes and that, depending on the position and mutation load, they might increase the risk on developing OXPHOS disease early or later in life.
Introduction
A large number of mutations (.200 ) and polymorphisms have been reported for mitochondrial DNA (mtDNA) (Brandon et al., 2005) . One of the reasons is that the mtDNA is located in the mitochondria near the OXPHOS system, which produces mutagenic reactive oxygen species (ROS) as part of electron transport to produce energy in the form of ATP (Kuchino et al., 1987) . This high mutation rate in combination with a lack of good repair mechanisms and recombination and the exclusive maternal transmission of mtDNA would predict a decay of the mtDNA during evolution. This does not happen due to the 'mtDNA bottleneck', which is a restriction in the number of mtDNA molecules to be transmitted, followed by an amplification of these founder molecules in oocytes (Howell et al., 1992) . The bottleneck occurs during early stages of oocyte development in order to maintain homoplasmic mtDNA and minimize heteroplasmy (Cummins, 1998 (Cummins, , 2001 . As this happens very early during development, the chance to preserve age-related mutations in the early oocyte is small, although the low number of mtDNA copies per mitochondria in early developmental stages of oocytes renders these oocytes vulnerable to mutational events at this stage (Keefe et al., 1995) . As a result of the mtDNA bottleneck, a preferentially healthy mtDNA population is maintained in oocytes and offspring. Several reports have shown that this bottleneck is no absolute safeguard (Poulton, 1995; Degoul et al., 1997; Lutz et al., 2000) . There have been a number of investigations on the load of mtDNA deletions in oocytes that failed to develop into metaphase II (MII) oocytes (Chen et al., 1995; Keefe et al., 1995; Brenner et al., 1998; Reynier et al., 1998; Barritt et al., 1999; Hsieh et al., 2002) and, on average, 50% of human oocytes contain mtDNA deletions, although usually in extremely low heteroplasmy percentages.
Little is known about the presence of point mutations in the mtDNA of human oocytes. This is a major concern as, at least for children with mtDNA mutations, maternal inheritance is the exception rather than the norm and many children carry de novo mutations in the mtDNA (Thorburn, 2004) . Therefore, we screened the entire mtDNA of 26 oocytes for heteroplasmic mutations by denaturing high performance liquid chromatography (DHPLC) analysis (van Den Bosch et al., 2000) and, additionally, four oocytes of one woman for homoplasmic and, less sensitive than by DHPLC, heteroplasmic variants by the resequencing MitoChip w (Maitra et al., 2004) . The presence and mutation load of point mutations in these oocytes might provide a clue to the chance of developing 'spontaneous' severe OXPHOS disease or age-related complications, owing to mtDNA defects. Furthermore, it may provide insight in the performance of the bottleneck.
Materials and methods

Human oocytes
A total of 26 oocytes from 13 women were donated by consenting couples undergoing in vitro fertilisation or intracytoplasmic sperm injection because of male infertility problems, except for two women who had an obstruction of the fallopian tube. The oocytes used were apparently normal in morphological appearance, but immature in development, although several oocytes developed into (MII) oocytes prior to analysis. There was no enrichment for poor quality oocytes, in which an increase of mtDNA rearrangements has been previously reported (Barritt et al., 1999) . Oocytes were collected anonymously and no additional maternal material could be obtained. From the 26 oocytes, 4 were germinal vesicles, 13 were in metaphase I and 9 were in the fully developed MII stage. Donated oocytes were washed three times in sterile MQ in plastic dishes, and then transferred to a 0.2 ml tube in 1-2 ml volume. The oocytes were used immediately or frozen at 2208C. All pipetting was performed with a sterile, filtered mouth pipette.
Cell lysis
DNA was extracted from the oocytes using a proteinase K-based isolation method (Zhou et al., 1997) . Briefly, oocytes were thawed at room temperature and 10 ml of the DNA extraction solution (50 mM Tris-HCl, pH 8.5, 1 mM EDTA and 0.5% Tween 20, containing 200 mg ml 21 proteinase K) was added. Samples were incubated at 558C for 2 h, followed by 10 min incubation at 958C to inactivate the proteinase K.
PCR amplification of the mtDNA in single cells
Two rounds of nested PCR were performed. In the first round, the entire mtDNA was amplified using three Expand Long PCR reactions (at positions I: 612-7165, II: 6642-12639 and III: 11909-742 using primers IF: gaaaatgttta gacgggctcac, IR: cgccgatgaatatgatagtgaa, IIF: tatcctaccaggcttcggaata, IIR: atgatggaccatgtaacgaaca, IIIF: aaccacgttctcctgatcaaat and IIIR: atcgtggtgattta gagggtga). The reactions were performed using the Expand TM Long Template PCR System (Roche, Basel, Switzerland) containing 500 mM per dNTP (Amersham Pharmacia Biotech AB, Uppsala, Sweden, 25 mM each), 2 ng ml 21 of each primer, 5 ml 10 Â PCR buffer II, 3 ml cell-lysate and 0.5 ml Expand Long polymerase (with proofreading capacity) in a 50 ml reaction volume. The reactions were carried out in a 9700 thermocycler (Applied Biosystems, Foster City, USA) as follows: 958C for 3 min; 10 cycles of 938C for 10 s, 608C for 30 s and 688C for 8 min; 20 cycles of 938C for 10 s, 608C for 30 s and 688C for 8 min plus 20 s per elongation step and a final 7 min elongation at 688C. In the second round, the entire mtDNA was amplified in 13 separate fragments (van Den Bosch et al., 2000) , using 3 ml of the Expand Long PCR product in a reaction volume of 50 ml containing 0.8 mM per dNTP, 0.4 mM of each primer, 1.5 mM MgSO 4 , 5 ml Optimase w polymerase buffer and 2.5 U Optimasew polymerase (Transgenomic, Omaha, USA). The reactions were carried out in a 9700 thermocycler (Perkin-Elmer) according to the Optimase ProtocolWriter TM as either a normal step PCR procedure or as a touchdown PCR if the melting temperature of both primers was separated by .38. Following PCR amplification, the DNA samples were denatured at 958C, reannealed at 658C and cooled to 48C to form heteroduplexes. If necessary, smaller PCR fragments were amplified by using 1 ml of the Expand Long PCR product in a total reaction volume of 50 ml containing 0.8 mM per dNTP, 0.4 mM of each primer, 1.5 mM MgSo 4 , 5 ml Optimase w polymerase buffer and 2.5 U Optimase w polymerase (Transgenomic, Omaha, USA).
DHPLC analysis of the mtDNA and fragment collection
Amplified second round products were cleaved with restriction enzymes to obtain smaller fragments of 90-560 basepairs in length as described before (van den Bosch et al., 2000) . After purification with the QIAquick TM PCR purification kit (Qiagen, GmbH, Hilden, Germany), DHPLC analysis was performed on the Transgenomic WAVE w system. Low percentage heteroduplex peaks were reanalysed on the WAVE and the deviant peaks were collected using the FCX-200 fragment collector (Transgenomic). Fragment collection was performed in a two-step procedure. In the first DHPLC run, the time window for the elution of the peaks of interest was determined. During a second injection, DHPLC fragments were collected during the previously defined time interval.
Sequence analysis of PCR fragments
Sequencing reactions were performed in a total volume of 20 ml, using 2 ml Big Dye termination solution according to the protocols of the manufacturer (Applied Biosystems) and 50 ng forward or reverse primer, using an ABI Prism 3100 DNA automatic sequencer (Applied Biosystems) and ABI analysis software version 3.1.
Resequencing the mtDNA in single cells with the MitoChip w
The three initial long-range PCR fragments were re-amplified-PCR products were purified from residual primers and nucleotides using QIAQuick PCR cleanup kit and resuspended in 30 ml of EB buffer (QIAGEN). The yield of each PCR product after purification was determined using a nanodrop ND-1000 spectrophotometer and the equimolar amounts of the three fragments were pooled. After fragmentation and labelling, the products were hybridized on a pre-hybridized MitoChip w as described in the Affymetrix customSeq
TM
Resequencing protocol (Affymetrix, Santa Clara, USA). Following hybridization, the chips were washed and stained on the GeneChip fluidics station 400 (Affymetrix) using the pre-programmed CustumSeq Resequencing wash and stain protocol (DNA ARRAY-WS2). The Mitochips were scanned using the Affymetrix GeneChip scanner 3000 creating .CEL files for subsequent batch analysis. The Affymetrix GeneChip DNA Analysis Software version 3.0.1.3 beta was used for the analysis of the CEL files.
Results
The entire mtDNA of 26 oocytes was screened by DHPLC analysis. Although these are single cells, it does not mean that this is a single template analysis. Oocytes contain about 100 000 mtDNA molecules, and the number of templates is comparable to 50 000 cells for a nuclear gene. Three types of alterations were detected by DHPLC analysis: heteroduplex peaks, indicating heteroplasmic mutations, shifts of the entire homoduplex peak and the loss or gain of a restriction site. The last two alterations pointed towards homoplasmic changes and were only studied when differing between oocytes of a single woman. A total of 12 heteroduplex peaks and 2 homoduplex shifts (Tables I and II) were identified and characterized by sequence analysis. All changes identified were A to G or T to C changes. For six samples, heteroplasmic peak fraction collection was required (Table I) . Heteroplasmy levels were determined using restriction fragment analysis (oocyte 9) or estimated from the DHPLC and sequencing peak surfaces. In case fragment collection was required, the heteroplasmy level was estimated to be ,5%, based on the detection level of DHPLC analysis. Two homoplasmic changes were observed in the non-coding D-loop region between two oocytes of the same woman. As DHPLC analysis has a limited sensitivity to detect homoplasmic alterations, we do not know how many homoplasmic mutations might have been missed, not only in the D-loop, but especially in the remaining coding part of the mtDNA. Therefore, we used the MitoChip w , which contains the entire coding part of mtDNA but unfortunately not of the D-loop region, to analyse the four oocytes of woman 4. We did not detect any additional homoplasmic or heteroplasmic differences between the oocytes of this woman. The detection level of the MitoChip w appears to be mutation-dependent and varies from 5 to 30% heteroplasmy in our hands (van Eijsden et al., 2006) . This is less sensitive than reported by others (Jakupciak et al., 2005) .
Discussion
DHPLC analysis has been frequently reported for the detection of mtDNA mutations (van den Bosch et al., 2000; Liu et al., 2002; Conley et al., 2003; Biggin et al., 2005) , and we adapted the method at the single cell level. DHPLC analysis is highly sensitive, with a detection level of ,5% and probably 1% heteroplasmy. Several different mutations were identified in oocytes with heteroplasmy percentages varying from ,5 to 50%. It is unlikely that PCR artefacts or nuclear pseudogenes can explain the low level alterations, because the DNA polymerases have a proofreading capacity and the number of mtDNA templates is higher (100 000 mtDNA molecules per oocyte) compared with the two copies of a nuclear template. On the basis of the number of templates and PCR cycles and length of fragments, the maximum level for PCR-induced mutation could be between 0.05 and 0.1% for a specific mutation, which is below the detection limit of DHPLC analysis. The possibility of a contamination has also been excluded by the use of negative controls, with no DNA in each step of the procedure. All changes identified were A to G or T to C changes. Most changes were known variants, except for two, m.6408A.G and m.8542T . C, which have not been described before. Two mutations, m.6776T.C and m.6791A.G, were identified twice, which indicates that hot spots may exist, although the majority of the heteroplasmic mutations are scattered across the mtDNA. Earlier observations using bioinformatics and perceived mutations indicated a prominent instability of the guanine nucleotide in the mitochondrial genome. This instability was, however, most pronounced at the 3 0 and/or 5 0 end of the protein coding genes (Tanaka and Ozawa, 1994; Samuels et al., 2003) . In contrast, the variants in the oocytes are predominant in the middle part of the coding genes and do not preferentially involve guanine residues . Three of the observed changes were located in the D-loop, which is in line with the literature, which predicts that many point mutations may be contained in the mitochondrial control region (Chinnery et al., 1999; Clayton, 2000; Fernandez-Silva et al., 2003) . This hypervariability of the D-loop has been observed in other tissues as well especially in relation to ageing and cancer (Cormio et al., 2005) , but a bias exists, as often only the D-loop is studied and mutations in other areas can be missed (Lee et al., 2005; Lievre et al., 2005) . Recent data suggest that in cancer too, mutations are distributed among the entire mtDNA, including the D-loop (Maitra et al., 2004; Jakupciak et al., 2005) . So despite a preference for the D-loop region, mutations in the mtDNA can arise at any location in the oocytes.
The heteroplasmy level of point mutations in the coding region of mtDNA in oocytes ranged from ,5 to 50%. As the maternal sequence is unknown, the mutation load is given for the nucleotide, which is most likely the mutated one, although this can be ambiguous. 
mtDNA point mutations
In the case of multiple oocytes of a single woman, the sequence that was shared by most of the oocytes was considered as the maternal sequence. Although we did not detect an evidently pathogenic mutation, it can be expected that pathogenic mutations will not be uncommon, as mutations are scattered throughout the mtDNA. On average 20 (between 15-30 locations) positions in a tRNA molecule and 25% of the amino acids in the proteins are evolutionary conserved, indicating that as an estimate 5% of the mutations in the mtDNA can alter a conserved nucleotide and thus potentially be pathogenic. We found heteroplasmic changes in 26.9% of the oocytes, which means that probably 1% of the oocytes will carry a pathogenic point mutation. We did not detect mutation levels .50% (although for oocyte 17 we cannot be sure, because we could not deduce the maternal reference sequence from other oocytes), which is under the threshold level for common point mutations such as m.8344A.G, m.8993T.G, m.8993T.C and m.9176T.C [thresholds of respectively .70%, .60%, .80% and .90% (Chinnery et al., 1997; White et al., 1999; Jacobs et al., 2005) ], although other point mutations such as the m.3243A.G mutation, can lead to clinical symptoms at heteroplasmy levels ,30% (Thorburn and Dahl, 2001) . Under the assumption that mutation levels .50% may exist and have not been detected due to the small sample size, or that mutation levels in cells might increase in the first cell divisions, we predict that 1% of the oocytes will have a mutation level reaching above the threshold of expression. Combined with the calculated number of pathogenic mutations in oocytes, this would account for about 1:10 000 de novo cases of mtDNA disease, which is in line with the observed prevalence of OXPHOs disease and the high frequency of de novo mutations Thorburn, 2004) and which is supported by case reports on de novo mutations in severely affected patients (De Coo et al., 1996; Degoul et al., 1997; Maassen et al., 2002; Thorburn, 2004) . In our study, no deletions were detected after analysis of the first round PCR products, but we only systematically analysed the shortest fragment, as the other two fragments were not visible on agarose gel. Also, the common deletion could not be detected by the nature of our PCR-assay. In previous reports, mtDNA rearrangements have been observed in over 50% of the oocytes analysed, especially in those at the germinal vesicle stage (Chen et al., 1995; Brenner et al., 1998; Barritt et al., 1999; Hsieh et al., 2002) . Differences between these studies and ours were the number of PCR cycles [at least 65 (Chen et al., 1995; Brenner et al., 1998; Barritt et al., 1999) compared with our first round of 30 cycles] and the size of the mtDNA fragment tested, which could explain why we did not detect these rearrangements in the mtDNA. In general the mutation levels of the point mutations are low and mutations can be lost during further cell divisions. This is also the case for the heteroplasmy level of the de novo rearrangements, which was about 0.1% of the mtDNA (Chen et al., 1995) . Low-level mutations can, however, ultimately have phenotypic consequences as they can get fixed in some occasions by random genetic drift. This has been observed in rapidly dividing colonic crypt cells (Taylor et al., 2003) and cancer cells (Carew and Huang, 2002) . This means that a low level of an mtDNA mutation in the oocyte may accumulate during life in specific tissues, such as cytochrome b mutations in muscle (Andreu et al., 1999) . A deterioration of the OXPHOS system during life due to this accumulation may be a key factor in many age-related diseases (Cottrell and Turnbull, 2000; Wei and Lee, 2002) .
The bottleneck preserves a homoplasmic mtDNA content early during oocyte formation. The lowest number of mitochondria (,10) is found in the early primordial germ cells (PGCs) of 3-week old embryos (Jansen and de Boer, 1998) , allowing most individuals to start with an entirely homoplasmic 'clean' mtDNA (Cummins, 1998 (Cummins, , 2001 . As this process takes place early, the chance to preserve age-related mutations in the early oocyte is small. On the basis of our data, it appears that this system works very well. The bottleneck is calculated to be between 1 and 30 mtDNA molecules (Bendall et al., 1996; Poulton et al., 1998) , indicating that an mtDNA mutation leaking through with replication being proportional would lead to a heteroplasmy percentage between 3.5 and 100%. Two homoplasmic differences were detected between two oocytes of a single woman. A single mtDNA molecule as a segregating unit can explain this, although we cannot be sure as we could not analyse the maternal mtDNA. It does, however, indicate that the segregation can happen very fast, as has been shown for Holstein cattle (Koehler et al., 1991) and pathogenic mutations in humans (De Coo et al., 1996; Degoul et al., 1997) . Five of our mutations had a heteroplasmy percentage of 15-50%, and these mutations could have been leaking through the bottleneck or have originated very early during oocyte development. At that stage the amount of mitochondria and mtDNA molecules in the oocyte is low, usually only one mtDNA molecule per mitochondrion (Michaels et al., 1982; Chen et al., 1995) and, if a mutation occurs, it affects a higher proportion of the mtDNA molecules. Since none of the mutations was observed in other oocytes of the same woman, this indicates that the mutations probably originated early during oocyte development, although the number of oocytes analysed in total and per woman is still rather small. The levels of other mutations were very low (,5%) and are, therefore, thought to have occurred de novo after the bottleneck and the earliest developmental stages of the oocyte and after migration of the PGCs to the ovary. If the mutated mtDNA does not specifically increase, then they must have occurred before the embryo reached the fetal stages, because by then the number of mitochondria in the oocyte is .1000 and mutations would not be detected anymore as single heteroplasmic peaks by DHPLC analysis. Seven oocytes carried one or more point mutations in the mtDNA. Five of these contained only a single heteroplasmic mutation, whereas one oocyte contained two and the last one four heteroplasmic mutations. In case an oocyte carries more than one mutation, the levels are generally low and can for this reason be considered as early embryonic, somatic mutations. Because of these small numbers, it is unclear if some oocytes are more susceptible for mutational events than others or that it is just a chance event. Several reasons can be considered for the existence of multiple mtDNA mutations in one oocyte. The first is possible environmental damage by, for example ROS, radiation or chemical substances. Another aspect that could play a role is defects in genes associated with mtDNA replication and repair. Recently it was shown that the mtDNA in mice can be subject to several forms of DNA repair (Larsen et al., 2005) . If this is also the case in human cells, problems arising in one of these repair mechanisms could also influence the occurrence of mutations in oocytes. It is known from human patients and mice studies that a dysfunctional polymerase gamma leads to deletions and point mutations in the mtDNA (Trifunovic et al., 2004) . However, if there were genetic problems in the mtDNA repair mechanism, one would expect to observe this susceptibility in more oocytes from the same woman, although this may not be that obvious as repair may depend on oocyte and embryo quality and this may differ in the same cohort.
From our study, it can be concluded that the mtDNA bottleneck is in general an effective mechanism in preserving a homoplasmic state of the mtDNA. However, we observed 14 mutations in 8 oocytes (total 26), 10 of which were present in the coding part of the mtDNA. The distribution of these mutations appears to be random and as four of these mutations have substantial heteroplasmy levels (ranging form 15 to 50%), we hypothesize that these mutations, presumably occurring very early during oocyte development, may contribute to de novo mtDNA disease, which is a frequent cause of OXPHOS disease in children (Thorburn, 2004) .
